Objective: To examine the effects of a maximal exercise test on cognitive function in recreational athletes. Design: A repeated-measures design was used to compare baseline with post-cognitive function and fatigue symptoms after a maximal exercise test. Setting: Division 1 American Midwestern University, (Michigan State University, Michigan, USA). Participants: 102 male and female recreational athletes. Intervention: Participants in the experimental group (n = 54) were asked to perform a maximal treadmill exercise test to maximal oxygen uptake (VO 2 max). Participants in the control group were asked to rest for 15 min. Main outcome measurements: All participants were administered a neuropsychological test battery called Immediate Post-Concussion Assessment and Cognitive Testing (ImPACT) before and after exercise to measure neurocognitive function and fatigue symptoms. Results: Results revealed a significant group (control, experimental)6time (baseline, post-test 1, post-test 2) interaction for verbal memory composite scores (p = 0.025). Specifically, verbal memory composite scores decreased in the experimental group from baseline to post-test 1 (p = 0.00). These values returned to baseline 3 days after the VO 2 max test (p = 0.00). Further analysis on verbal memory composite scores demonstrated significant differences on immediate recall memory (p = 0.00) and delayed recall memory (p = 0.00). No significant differences were observed for visual memory (p = 0.54), motor processing speed (p = 0.68) and reaction time (p = 0.44) composite scores between the experimental and control groups. Conclusion: The results of this study suggest that a maximal exercise test attenuated a limiting effect on cognitive function. When utilising a neuropsychological test battery to evaluate a patient who has sustained a head injury, the test should not be administered immediately after a practice or a game session.
O ver the past two decades, understanding the cognitive effects of a concussion, and establishing a neuropsychological testing timeline, has become an interest of both researchers and clinicians in the field of sports medicine. 1 2 Despite the increased utilisation of computerised neuropsychological testing, considerable debate exists among sports medicine practitioners on the time sequence for baseline and/ or follow-up neuropsychological testing. 3 Currently, some sports medicine practitioners administer a baseline and follow-up neuropsychological test after practice or competition, while athletes are still in an exerted state. Others administer the test either before practice or 24 h after an athlete has sustained a concussion. Clearly, if physical exertion impairs an athlete's cognitive function, then sports medicine professionals should not administer a neuropsychological test until the athlete has recovered from his or her state of exertion.
Immediate Post-Concussion Assessment and Cognitive Testing (ImPACT) V.2005 (ImPACT Applications, Pittsburgh, Pennsylvania, USA) is a computer-based program used to assess neurocognitive function and concussion symptoms. 4 Computerised neurocognitive testing assists with establishing return-to-play criteria 5 and allows for tracking of postconcussive symptoms in athletes who have sustained multiple concussions in their athletic career. 1 Pre-season baseline testing has become a common practice in sport and is imperative to recognise neurocognitive impairments and changes after concussion 1 ; yet, no standard baseline assessment schedule has been agreed on by researchers and clinicians. 3 Athletes are often in an state of exertion during the on-field evaluation of a concussion. Separating exertional effects from physical and cognitive deficits is a challenge for team physicians and certified athletic trainers. Wilkins et al 6 reported that fatigue before postural-stability testing has decreased balance performance. These balance deficits are only one component to evaluation of concussions and return-to-play decisions. Therefore, it is important to examine cognitive function and how it is affected by physical exertion. Previous research has been conducted to determine the effects of exertion on cognitive function. [7] [8] [9] [10] [11] [12] [13] Despite the plethora of research, results are unequivocal, with some studies suggesting a beneficial or a facilitating effect of exercise on cognitive function, [9] [10] [11] [12] [13] whereas others show exercise to be detrimental 14 15 or having no effect on certain mental tasks. 7 16 Results of these studies are difficult to compare owing to varying exercise durations, intensities and a variety of cognitive tests administered. Furthermore, these cognitive tests were administered at different times during and after the exercise test.
To date, only one study has investigated the effects of exertion on a concussion grading system. Leclerc et al 17 studied the effects of a 4 min treadmill run at 80% of age predicted maximal heart rate and performance on the McGill Abbreviated Concussion Evaluation in collegiate athletes. Results revealed that athletes did not demonstrate differences in cognitive function from pre-test to post-test. Although the McGill Abbreviated Concussion Evaluation is a valid means of baseline and post-concussion assessment, the ImPACT computerised software has emerged as a leading application to assess the cognitive state of the injured and uninjured athlete. To date, no studies have examined the cognitive effects of a maximal oxygen uptake (VO 2 max) exercise on the findings of a computerised neuropsychological test battery-that is, ImPACT. The purpose of the study was to examine the effects of a maximal exercise test on cognitive function, as measured by the ImPACT programme, in recreational athletes.
METHODS

Experimental design
A repeated-measures design was used to compare baseline with post-cognitive function and fatigue symptoms after a maximal exercise test. The independent variable in this study was a treadmill exercise to the participant's VO 2 max and time (baseline, post-test 1 and post-test 2). The dependent variables were verbal and visual memory, motor processing speed and reaction time composite scores created with the ImPACT software.
Participants
One hundred and two recreational athletes from a large Midwestern University (Michigan State University, Michigan, USA) volunteered to participate in the study. A recreational athlete was defined as someone who participates in sports or physical activity 2-3 times per week. Participants were aged 18-24 years and reported no lower extremity injury or concussion within the past 12 months. Participants with a history of selfreported cardiovascular, respiratory illness or colour blindness were excluded from the study.
Instrumentation
To assess cognitive function, the ImPACT V.2005 18 neuropsychological test battery was used for this study. The ImPACT test takes approximately 25 min to complete and has five different test iterations to minimise the practice effects of taking multiple tests. The ImPACT software records data in three categories. In the first category, athletes use the keyboard and a mouse to input demographic and descriptive information through a series of instructional screens. The demographic section includes experience of playing sports, history of alcohol and drug use, learning disabilities, attention-deficit hyperactive disorders, major neurological disorders and history of concussion. The second category consists of 22 symptoms that are associated with concussions for which the athletes rate their perception of the presence of the symptom at the time of the test. The items are rated using a 7-point Likert scale. Athletes self-rate their concussion symptoms by clicking on a number between 0 (not experiencing) and 6 (severe) using a mouse. This study did not examine athletes who had concussions, therefore, only fatigue was analysed. The third category consists of six neuropsychological test protocols that evaluate the participants' attention processes, verbal recognition memory, visual working memory, visual processing speed, reaction time, numerical sequencing ability and learning.
Previous research has examined the psychometric properties of the ImPACT test battery for both test-retest reliability and validity. 19 20 Test-retest reliability for ImPACT was assessed over 8 days across four administrations, yielding correlation coefficients ranging from 0.66 to 0.85 for the verbal memory index, from 0.75 to 0.88 for the processing speed and from 0.62 to 0.66 for the reaction time. 4 Using reliable change indices, repeated administrations over a 2-week period revealed no practice effects. 2 Correlations between ImPACT visual and verbal memory composites with the Brief Visual Spatial Memory Test-Revised total score (r = 0.50) and the delayed recall score (r = 0.85) have been established 21 ; the processing speed composite was shown to correlate with the Trailmaking Tests A (r 20.49) and B (r 20.60), and the Symbol-Digit Modalities test (r = 0.68). More recently, Schatz et al 20 examined the sensitivity and specificity of the ImPACT test on individuals diagnosed as having a concussion. Seventy-two high-school athletes who sustained a concussion were tested using ImPACT within 72 h of the initial injury. Their scores were then compared with 66 high-school athletes with no history of concussion. Between-group comparisons showed a significant multivariate effect of concussion on test performance. Analysis of the battery scores showed 81.9% sensitivity and 89.4% Procedure Before the start of data collection, the University Committee on Research Involving Human subjects approved the study. All participants completed a health history questionnaire and signed a written informed consent form. Following informed consent, all participants were given a practice ImPACT assessment to familiarise them with the software. This practice test was to ensure that participants understood the directions of the test to eliminate potential mistakes on the day of the test. Participants were randomly assigned to either the control or experimental group. Following assignment, participants were asked to sign up for a testing session 3-5 days after the practice session. Participants reported to the Athletic Training Research Laboratory on the day of the test and were administered a baseline ImPACT test. The experimental group was administered a VO 2 max treadmill test. Participants in the control group were asked to remain at rest for 15 min. It was determined from pilot data that it takes approximately 15 min to set-up the athlete on the treadmill and metabolic cart to completion of the VO 2 max test.
The treadmill protocol used for the VO 2 max test began at a speed of 2.5 mph at 0.0% incline. The speed of the treadmill was increased 0.5 mph/min until 6.0 mph was reached. Once 6.0 mph was achieved, the incline of the treadmill increased 3% per minute until volitional exhaustion occurred. VO 2 max was defined as the highest value for VO 2 during the test. Achievement of VO 2 max was confirmed by a minimum of two of the three following criteria: (1) respiratory exchange ratio (RER) .1.15; (2) .90% of their age predicted maximal heart rate; and (3) plateau of VO 2 . RER is described as the volume of carbon dioxide produced divided by the volume of oxygen consumed. 22 A Sensormedics (Yorba Linda, California, USA) Measurement Cart was used to collect and assess metabolic parameters including VO 2 , carbon dioxide production, pulmonary ventilation (V E ) and RER. Before each test, the apparatus was calibrated against standard commercial gas mixtures. During the test, heart rate was measured every minute using a Polar (Gays Mills, Wisconsin, USA) heart rate monitor.
After the completion of the treadmill test, participants were instructed to immediately begin their follow-up ImPACT test (post-test 1). Likewise, 15 min after the baseline test, participants in the control group were instructed to begin their followup test. Three days later (mean 3.20 days) all participants were administered a second post-test.
Data analysis
scores are presented as a percentage of 100 and motor processing speed as a composite score number. Athletes with a faster score on reaction time, presented in seconds, indicate a better performance. Further analysis investigated performance on the individual modules that make up the verbal memory composite score. The verbal memory score is derived from individual performance on five tasks: (1) immediate recall memory; (2) delayed recall memory; (3) symbol match (with key); (4) symbol match (without key); and (5) 3-letter recall.
Means (SD) were calculated for participant demographics and VO 2 max treadmill test results. A two-group (experimental, control) 6 three-time (baseline, post-test 1, post-test 2) analysis of variance with repeated measures was conducted to analyse neuropsychological test scores and fatigue. The level of significance was set at p = 0.05. All analyses were conducted using SPSS V.13.1 for Windows.
RESULTS
There were 48 participants in the control group and 54 in the experimental group (table 1). The average VO 2 max for participants in the experimental group was 50.30 (6.45) ml/ kg/min. The average RER was 1.16 (0.067) carbon dioxide production/VO 2 and maximal heart rate was 190.78 (8.89) bpm.
Self-reported fatigue
Results showed significant differences in self-reported fatigue in the experimental group (F (3,52) = 125.77, p,0.00), but not in the control group (F (3,46) = 0.75, p.0.05). Pairwise comparisons for the experimental group revealed significant increases in fatigue scores from baseline to post-test 1 (p,0.05), and significant decreases in fatigue from post-test 1 to post-test 2 (p,0.05; fig 1) .
Cognitive function following VO 2 max
Results revealed a statistically significant group (control, experimental) 6 time (baseline, post-test 1, post-test 2) interaction for verbal memory composite scores (F (2,100) = 3.75, p = 0.00). Specifically, verbal memory composite scores decreased in the experimental group from baseline to post-test 1 (p = 0.00). These values returned to baseline 3 days after the VO 2 max test (p = 0.00; fig 2) . There were no significant differences between group 6time for visual memory (F (2,100) = 0.090, p = 0.914), motor processing speed (F (2,100) = 2.646, p = 0.074) and reaction time (F (2,100) = 0.334, p = 0.717).
The exercise group had significant impairments in their immediate recall memory scores (F (2,100) = 7.76, p = 0.00). Pairwise comparisons showed a significant deterioration in scores from baseline to post-test 1 (p = 0.00), and a significant improvement from post-test 1 to post-test 2 (p = 0.00; fig 3) . Significant differences were also exhibited for the exercise group on delayed recall memory scores (F (2,100) = 5.00, p = 0.00). Analysis of the experimental group using pairwise comparisons revealed a significant deterioration in scores from baseline to post-test 1, and a significant improvement from post-test 1 to post-test 2 (fig 4) . There were no main effects or interaction effects for the other three components (symbol match with and without key, three-letter recall) of the verbal memory composite score. Furthermore, there were no significant differences for visual memory (p = 0.54), motor processing speed (p = 0.68) and reaction time (p = 0.44) composite scores between the experimental and control groups.
DISCUSSION
This study suggests that cognitive impairments on verbal memory composite scores occur after a maximal exercise test and measured by the ImPACT test protocol. Further analysis examining the individual ImPACT test modules that compile the verbal memory composite score revealed a significant deterioration on both the immediate and delayed recall tasks after the exercise intervention. These findings support those of Cian et al 23 and Frey et al 24 who showed deterioration on verbal memory tasks after a bout of exercise. Cian et al 23 attributed the deterioration in performance to dehydration, whereas Frey et al 24 suggested a decrease in performance on memory tasks resulting from changes in cortical activity in the brain and hypoxia brought about by exercise.
It is believed that deterioration on the verbal memory composite scores in this study stemmed from fatigue after the maximal exercise test. Immediate recall memory was the first task that participants were exposed to on the post-exercise ImPACT test. It is possible that the fatigued state of the subject caused by the treadmill intervention led to attentional distraction, possibly leading to difficulty remembering the words presented for immediate word recall, and delayed recall at the end of the test battery (approximately 15 min). The other three components that comprise the verbal memory composite scores (symbol match with and without key, three-letter recall task) were not significantly affected. It should be noted that these modules were presented later in the test. It seems that participants may have had sufficient time to recover from their fatigue state caused by the maximal exercise test. It is also possible that no cognitive impairments were seen in visual memory, motor processing speed and reaction time composite scores for the same reason. The deterioration in verbal memory composite scores may also be attributed to vascular changes in the brain. 25 26 Previous researchers have shown decreased cerebral oxygenation and cerebral cortex activity after an exhaustive bout of exercise. 25 26 Neuropsychological testing has become a common method for assessing cognitive function in athletes who have a concussion.
1 Sports medicine professionals in the past have relied on self-reported symptoms and clinical examination. Using computer-based neuropsychological software allows the sports medicine team to track recovery and symptom resolution. Currently, computerised neuropsychological testing is being used as a means of quantifying post-concussive symptoms and cognitive deficits in athletes. 1 It is becoming common practice in athletic training to administer pre-season baseline tests. This practice allows clinicians to compare postconcussion scores with an individualised baseline. At present, there is not enough information to develop a definitive timeline for baseline and post-concussion neuropsychological testing. On the basis of the findings of this project, it is recommended that these tests should not be administered immediately after practice, competition or after sustaining a concussion owing to the acute physiological effects that exercise may play on an individual's neurocognitive function.
Variables such as participants' education level, hydration status and hours of sleep were not controlled in this study. Another limitation was that participant fitness levels were not controlled in this study. This limitation should only have a small effect on the results of this study because the purpose was not to determine a relationship between fitness level and neurocognitive performance. It would have been ideal to randomise the order of the six ImPACT test modules for each recreational athlete. Despite this limitation, ImPACT is programmed to limit practice effects utilising multiple randomised test forms, including different target word lists for each assessment.
In conclusion, this study examined the effects of VO 2 max treadmill exercise on neurocognitive function, in attempts to assist sports medicine professionals with developing a timeline for baseline and post-concussion ImPACT testing. This study is among the first studies to show impairment on the verbal memory composite score following a VO 2 max treadmill test on healthy individuals. Additional impairments were seen in immediate and delayed memory composite scores. Further studies should examine the effects of exertion on cognitive function by employing protocols directly related to sportsspecific activity.
What is already known on this topic N Athletes are often in an exerted state during the on-field evaluation of a concussion.
N Separating exertional effects from physical and cognitive deficits is a challenge for team physicians and certified athletic trainers.
N Despite the plethora of research, results are unequivocal, with some studies suggesting a beneficial or a facilitating effect of exercise on cognitive function, whereas others show exercise to be detrimental or having no effect on certain mental tasks.
What this study adds
N The results of this study suggest that a maximal exercise test attenuated a limiting effect on cognitive function.
N When using a neuropsychological test battery to evaluate a patient who has sustained a head injury, the test should not be administered immediately after a practice or a game session. The use of computer-based neurocognitive testing has become increasingly popular throughout the field of sports medicine. Given the rapid dissemination of computer-based systems, increasingly specific questions have emerged regarding the interpretation of test results and the factors that may or may not influence test performance in a given athlete. This is an important issue as athletes may undergo post-concussion testing in different situations and at different times after injury. An understanding of how specific test conditions affect performance is important in interpreting test results. This paper evaluates the effects of exercise on one test of neurocognitive functioning (IMmediate Post-concussion Assessment and Cognitive Testing (ImPACT)). The authors found that the Verbal Memory Composite score of ImPACT was affected by maximal exercise. Therefore, clinicians and researchers should take care to perform post-injury evaluations after a period of rest and not immediately after strenuous exercise. 
